In this study, the total heatfunction equation which includes diffusion and convection transport is divided into the corresponding heatfunction equations. The superposition rule is used to obtain the mathematical definitions of diffusion and convection heatfunctions and corresponding boundary conditions. It is observed that the separate visualization of diffusion and convection heatlines provides significant information on understanding of the mechanism of heat transfer in a convective flow. The direction of the diffusion and convection heat transport as well as the strength of convection compared to the conduction in entire or in a portion of a domain can be visualized. The diffusion heatlines demonstrate a potential flow like behavior while convective heat flow rotates due to the source term of the convection heatfunction equation, similar to the rotation of fluid flow generated by fluid flow vorticity. The similarity between the streamfunction and the total heatfunction yields a concept of heat flow vorticity, X t . The obtained results show that the maximum absolute value of the convection heatfunction may be an appropriate parameter for determination of the convection strength. The diffusion and convection heatfunction equations for natural convection in a differentially heated square cavity for four different length of the heated surface on the right vertical wall as s p = L/4, L/2, 3L/4 and L and a fixed length of the cooled surface on the right vertical wall as L/4 are obtained and corresponding heatlines are drawn. The values of the conduction heatfunction are positive while the sign of convection heatfunction values is negative for the studied cases. Based on the distribution of total heatlines, two regions are detected in the cavity, an active region with the positive values of heatlines signifying dominant conduction heat transfer and a passive region with the negative heatfunction values in where convection heat flow is dominant and heat only rotates in a closed contour pattern. The variations of average Nusselt number, average of heat flow vorticity, maximum absolute values of convection heatfunction and streamfunction at different Rayleigh numbers and lengths of the heated surface are presented.
Introduction
In many computational heat transfer studies, isotherms and streamlines are used to explain the mechanism of heat transfer in a domain. It is not easy to understand the direction and strength of heat transfer in a convective flow since heat flux lines are not perpendicular to isotherms. Hence, heatline technique was developed to visualize the direction and intensity of heat flux in a convective domain. The heatlines provide corridors in where heat is transferred from a hot to a cold region by convection and/or conduction.
The heatfunction concept was introduced by Kimura and Bejan [1] for natural convection in a differentially heated square enclosure whose top and bottom boundaries were adiabatic. Then, the massline concept was proposed for convective mass transfer problems [2] . Morega and Bejan [3] and Nield and Bejan [4] visualized heatlines in forced convection laminar boundary layers and in porous media, respectively. A review study was reported by Costa [5] to summarize the application of heatline visualization technique in different heat and mass transfer problems. He showed that heatlines can be applied to the boundary layer problem, turbulent flow, reacting flow, fluid-saturated porous media for both isotropic and anisotropic media. Costa [6] also unified the streamline, heatline and massline methods in order to provide a common procedure. Mukhopadhyay et al. [7] unified the heat and massline methods for a nonreacting jets of hot air in cold air, nonreacting methane and hydrogen jets in air, as well as non-premixed reacting jets of methane and air. Zhao et al. [8] performed a study on application of the streamline, heatline and massline methods for conjugate heat and mass transfer. Dalal and Das [9] visualized heat transport by the heatline technique for a complicated enclosure. Mobedi et al. [10, 11] used the heatline technique to observe heat transport in the entire domain of a square cavity with thick horizontal walls. Recently, the heatline and streamline formulations were employed by Basak and Roy [12] to demonstrate the heat flow for differentially and distributed heating walls within cavities. Deng and Tang [13] used heatlines to show the structure of heat flow for a twodimensional, steady state and laminar natural convection in a rectangular enclosure with discrete heat sources on walls. Deng et al. [14] also used streamfunction, heatfunction and massfunction definitions to demonstrate the path of the fluid, heat and contaminant transport in a two-dimensional ventilated enclosure with mixed convection.
The problem of natural convection heat transfer through a cavity with partially heated vertical walls has been also investigated by researchers. For the rectangular cavities with adiabatic ceiling and floor, the following studies were reported in the literature. Poulikakos [15] investigated natural convection in a cavity with a single vertical wall with warm and cold regions. The effect of heater and cooler locations on natural convection in square cavities is studied by Yücel and Türkoglu [16] . Nithyadevi et al. [17] worked on natural convection heat transfer in the cavities with partially active sides for different aspect ratios. Deng [18] investigated the size and arrangement effects of the heat sources and sinks on the fluid flow and heat transfer in a square cavity. Valencia and Frederick [19] studies heat transfer in square cavities with partially active vertical walls. The problem of natural convection in shallow enclosures with differentially heated end walls was studied by Paolucci and Chenoweth [20] . Ho and Chang [21] investigated natural convection heat transfer in a vertical rectangular enclosure with two-dimensional discrete heating.
The aim of the present study is to obtain separate heatfunction equations for the diffusion and convection modes of heat transport in a convective flow. The total heatfunction equation which includes both diffusion and convection modes of heat transport demonstrates the path and intensity of the total heat transfer. The separation of the total heatfunction into diffusion and convection heatfunctions helps in distinguishing the path and intensity of each mode of heat transfer in a domain. Hence, the effect of each mode of heat transfer in a convective flow can be assessed. The present study mathematically and physically explains the meaning of the source term on the right side of total heatfunction equation and the negative values of total heatlines observed in studies employed heatline visualization technique. The superposition rule is used to separate the total heatfunction equations into the diffusion and convection heatfunction equations. The diffusion, convection and total heatlines are plotted for the partially heated cavities with different Rayleigh numbers and four lengths of heat source.
Physical domain
The square cavity for which the diffusion and convection heatlines are plotted is shown in Fig. 1 . Heat is transferred from the left to the right wall by natural convection and the top and bottom walls are adiabatic. The symbol S p shows the length of the heated surface which always has one edge on the left top corner. Gravity acts in the vertical direction but the radiation mode of heat transfer is neglected. The study is performed for four different lengths of the heat source as s p = L/4, L/2, 3L/4 and L while the length of cooled surface is kept the same at L/4. The heated and the cooled surfaces are isothermal, though the remaining walls are adiabatic. The numerical results are obtained for air with Pr = 0.7 and 10 2 < Ra < 10 6 .
Mathematical formulation

Determination of streamfunction and temperature fields
The governing equations for the problem are continuity, momentum and energy equations. The unsteady forms of the governing equations are solved to obtain the steady state results. The vorticity-streamfunction approach is used to predict the velocity field. By employing the dimensionless vorticity and streamfunction parameters, the dimensionless forms of the equations to be solved can be written as: 
where U, V, h, s, X and Y are dimensionless parameters defined as:
The dimensionless vorticity, streamfunction, Rayleigh and Prandtl numbers are defined as:
The boundary conditions for the domain shown, in Fig. 1 , can be written as follows:
where S p is a dimensionless parameter and it is defined as S p = s p /L. Based on the definition of the streamfunction (Eq. (6)) and considering the defined boundary conditions, the positive sign of W denotes anti-clockwise circulation, and the clockwise circulation is represented by the negative sign of W. The following initial values for the dimensionless temperature, vorticity and streamfunction are used:
Definitions of dimensional and dimensionless total heatfunction equation
For a two-dimensional steady and incompressible convective flow without heat generation, the components of the total heat flux vector, containing the diffusion and convection transport, in x and y directions can be written as:
where T c is the reference temperature. The total heat flux vector,J, is the vectorial sum of the two components;
The vectorsĩ andj represent Cartesian unit vectors. The application of the energy conservation law on a finite element in a flow field and considering the total heat flux definition (Eq. (17)) yield the energy equation for an incompressible steady convective flow:
By assuming h as a continuous scalar function, the dimensional heatfunction can be defined in a differential form [1] :
By substituting of Eq. (19) into Eq. (16), taking derivatives with respect to y and x, and subtracting the resulting equations from each other, an elliptic partial differential equation for the total heatfunction can be obtained:
The convection term which appears on the right side of Eq. (20) acts as a source term. It should be mentioned that the defined heatfunction, h, includes both the diffusion and convection modes of heat transfer. The solution of Eq. (20) yields the values of the total heatfunction for the all nodes of a computational domain and contour plots of the heatfunction values provides heatline patterns. By employing the dimensionless parameters presented in Eq. (4), the dimensionless total heatfunction can be written as:
where H is the dimensionless total heatfunction as:
By performing the mathematical manipulations similar to the procedure for obtaining Eq. (20) 
The boundary conditions for dimensionless total heatfunction (Eq. (23)) are obtained from the integration of Eq. (21) along the considered boundary. For instance, the following equation can be used to determine the values of heatfunction at the right wall of the cavity [6] :
The derivative of the dimensionless temperature at a wall with respect to its normal direction is defined as local Nusselt number, hence, Eq. (24) can also be written in the following form:
Application of superposition
The Eq. (23) is linear, since the values of U; V and h are known from solution of the continuity, momentum and energy equations and therefore the superposition method can be used. The sum of two heatfunctions is also a heatfunction and describes a heat flux field. Hence, the total heatfunction can be separated into two heatfunctions as H d and H c , as:
H d and H c represent the diffusion and convection heatfunctions, respectively, and can be defined as:
Mathematical manipulation can be carried out on Eqs. (27) and (28), and separate heatfunction equations for the diffusion and convection modes of heat transfer can be found:
There is no source term in the diffusion heatfunction equation (Eq. (29)) and the values of H d are influenced only from the boundary conditions. The boundary conditions for the diffusion heatfunction equation can be written by the same method as described for the total heatfunction (Eq. (24)). The values of the convective heatfunction on the walls are zero, hence H c ¼ 0 for the all walls. In the present study, the value of the diffusion heatfunction at the origin is taken as zero, H d ð0; 0Þ ¼ 0.
Similarity between fluid and heat flows
The term on the right hand side of the streamfunction equation (Eq. (2)) represents vorticity, X, which can be related to the pointwise rotation rate of a fluid element and its sign refers to the direction of pointwise rotation as shown in Fig. 2(a) . Similar to an isothermal fluid flow, the right term of Eq. (23) represents the pointwise rotation rate of an element in the heat flow field (Fig. 2(b) ). This pointwise heat flow rotation can be called as heat flow vorticity, X t .
The main reason for a rotational heat flow is the gradients of the convective heat flux components, Uh and Vh. For an isothermal flow the Eq. (31) become as:
However, for a flow field with uniform U and V velocity components but with the presence of temperature gradient, the Eq. (31) takes the following form:
For an isothermal flow, the fluid flow vorticity is the reason for the convective heat flow rotation; however for a uniform velocity field, the temperature gradient causes the rotation of convective heat flow. A requirement for existence of an irrotational heat flow is:
This requirement changes the heatfunction equation (Eq. (23)) to the following form:
An example for an irrotational heat flow is pure heat conduction. For pure conduction heat transfer, the heatlines become identical to the heat flux lines which are well known from heat transfer text books. On the other hand, an irrotational convective heat flow may exist if the convection heat flow satisfies the irrotational heat flow condition (Eq. (34)). Table 1 demonstrates some of the similarities between heat and fluid flows. As is seen from the table, bothṼ andJ are vectorial quantities referring to the magnitude and direction of fluid and heat transport, respectively. BothṼ andJ have two components in the X and Y directions in a two-dimensional Cartesian coordinate system. The application of the conservation of mass to a flow field yields the continuity equation and the energy equation is obtained by the application of the conservation of energy to a heat flow field. The fluid or heat flow rate is determined by integration ofṼ orJ over a surface, respectively. A flow field function, as w for a fluid flow and H for a heat flow, can be similarly defined. The isolines of these functions provide corridors in which fluid or heat flows. A vectorial quantity called as the fluid flow vorticity,X, can be defined for a fluid flow field which refers to the magnitude and direction of the pointwise rotation. A similar quantity can be called as the heat flow vorticity,X t , can also be defined for a heat flow field and it refers to the pointwise rotation of heat. As is seen from Table 1 , the partial differential equations which show a relation between the flow field function and the vorticity for both fluid and heat flows are similar. 
Solution method
The set of governing equations is solved by starting from an initial state. The vorticity equation is solved for a time step to compute the vorticity field in the computational domain. Then, the streamfunction equation is solved and the velocity values are obtained from the streamfunction field. At the same time step and by using the new values of velocity, the energy equation is solved and the temperature field is computed. The procedure is continued until the steady state is reached. The steady results of the velocity and temperature fields are used to solve the conduction and convection heatfunction equations. The energy and vorticity equations are solved line by line by employing the Alternating Direction Implicit method (ADI method), whereas the streamfunction and heatfunction equations are solved point by point. The finite difference form of diffusion and convection terms are written based on three points central difference which has a second order accuracy. The outer iteration convergence criterion for the solution of vorticity, energy and streamfunction equations is:
The local and average Nusselt numbers for the cold wall are calculated by the following relations:
The average value of the heat flow vorticity in the cavity is used for the discussion of the results. It is determined by the following equation:
Uniform mesh grid sizes are used and the number of nodes in the X and Y directions was 200 Â 200.
Validation of numerical results
In order to validate the employed method and check the written computer code, results are obtained and compared with the benchmark solution of de Vahl Davis [22] . Good agreement between the two solutions is found as seen from Table 2 . The total heatlines drawn by Basak and Roy [12] for natural convection in differentially heated vertical walls with Ra = 10 5 and Pr = 0.7 are plotted and shown in Fig. 3 . The heatline patterns of the two studies are almost the same proving the accuracy of the present study. It should be mentioned that Basak and Roy solved the continuity, momentum and energy equations with primitive variables approach by the finite element method which is completely different from the present solution method.
Results and discussion
The isotherms, streamlines, diffusion and convection and total heatlines are plotted for the cavity with partially heated vertical walls for different length of heat source and Rayleigh numbers. 
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heatlines due to the strong conduction mode of heat transfer in the cavity.
The diffusion, convection and total heatlines of cavity with Ra = 5 Â 10 3 are shown in Fig. 5 The total heatlines are clustered on the upper region of the cavity and the passive convection cell with negative values of the total heatfunction is enlarged. The highest convection strength of this study is observed for Ra = 10 6 as seen from Fig. 5(d) . The convection heatlines are denser at the top region of the cavity due to the enhanced buoyancy effect. The area of the passive convection cell is expanded and a small area of the cavity plays an active role on the heat transfer from the hot to the cold wall as seen in the figure. Heat in the large area of the cavity is rotated without affecting on the heat transfer between the hot and the cold surfaces. The increase of Rayleigh number increases the strength of the convection heat transfer and it causes enlargement of the passive convection cell area. This might be the reason behind the fact that the increase of total heat transfer slows down with increasing Rayleigh number.
As it was mentioned before, for a control element in a domain of a convective heat flow, the convective heat rotates due to velocity and/or temperature gradients. The distributions of heat flow vorticity for the cavities with S p = 0.25 and different Rayleigh numbers are shown in Fig. 6 . The contour plots of heat flow vorticity for Ra = 10 2 is shown in Fig. 6(a) . The values of X t in the regions close The passive zone in the cavity prevents the transfer of heat through the shortest path. For the cavity with S p > 0.25, heat enters to the cavity flows toward ceiling, then moves parallel to the ceiling and leaves cavity from the right wall due to presence of passive area in where heat rotates. The increase of length of heated plate pushes the passive area to the right wall. It should be reminded that convection heat transfer is dominant in the passive area and then no conduction heat transfer forms in this area. Heat transfer rate through the cavity increases with decrease of the passive area. In order to increase heat transfer from the hot to the cold wall, the area of the passive zone should be reduced.
Many researchers who work on the convective heat transfer use maximum absolute value of streamfunction, jw max j, to evaluate the strength of convection heat transfer. The variation of jw max j with Rayleigh number for the considered cavities in the present study are drawn and shown in Fig. 8 . The increase of Rayleigh number increases the convective heat flow and as a result the absolute values of streamfunction increase. It should be mentioned that the value of the streamfunction depends on the gradients of velocity and mathematically it does not include the gradients of temperature.
In natural convection problems, in which heat and fluid flows are coupled, an increase of fluid flow strength increases the convection heat transfer. However, for a forced convection problem, the strength of convection heat transfer may be independent of jw max j. The separation of total heatfunction equation to the conduction and convection heatfunction equations provides a new parameter, H c , for the evaluation of strength of convection heat transfer. The convection heatfunction depends on the variation of Uh and Vh rather than the velocity components as U and V. Fig. 9 shows the changes of maximum absolute values of the convection heatfunction with Rayleigh number for different values of S p . As seen, the increase of Rayleigh number or S p enhances convection heat transfer in the cavity. For the present problem, the variation of jH cmax j with Rayleigh number and S p is similar to the changes of jw max j since the energy and momentum equations are highly coupled. increase S p increases heat flow through the cavity, however; for the cavity with small values of Rayleigh number, the rate of increase is smaller. For Ra = 10 2 cavity, the increase of S p from 0.25 to 0.5 causes an increase on the average Nusselt number as 20%, however for Ra = 10 6 the same increase of S p improves heat transfer by 55% due to the enhanced strength of the convection heat transfer. The rate of increase of average Nusselt number with S p slows down for high values of S p . For the cavity with Ra = 10 6 , the rate of increase of the average Nusselt number with S p from 0.75 to 1.0 is only 6%. For high values of Rayleigh number, the passive portion of the cavity is much bigger so it prevents the direct transfer of heat from the hot to the cold surface.
Conclusions
The problem of natural convection heat transfer in a square cavity with partially heated vertical walls is numerically solved. The effects of heat source length and Rayleigh number on the heat transfer through the cavity are studied. Literature survey shows that the present study may be the first study handling the separation of total heatlines into diffusion and convection heatlines and presents the definition of the heat flow vorticity. The following remarks can be concluded from the study: -The superposition rule is successfully applied to separate the total heatfunction equation into the diffusion and the convection heatfunction equations. The paths of conduction and convection modes of heat transfer in the cavity are separately visualized. The diffusion heatfunction equation does not contain any source term and is influenced by the heat flux at the boundaries. The convection heatfunction is influenced by the velocity and temperature fields. -The comparison of the diffusion, convection and total heatlines for a convective heat flow field reveals the strength of conduction and convection modes in a part or in the entire cavity. -The sign of the diffusion heatfunction shows the direction of heat transfer while the sign of the convection heatfunction refers to the direction of the heat rotation. -Similar to the concept of fluid flow vorticity, for a control element in a heat flow domain, the convective heat may have a pointwise rotation. Hence, the concept of heat flow vorticity is proposed in the present study. -Two regions in the cavity are detected. A region with positive sign of the total heatfunction signifying dominant conduction heat transfer and a convection cell with negative sign of total heatfunction without playing any active role on the heat transfer between the walls. The area of passive cell is enlarged by increase of Rayleigh number. -The maximum absolute value of the convection heatfunction may be more appropriate than the maximum absolute value of streamfunction for evaluation of convection heat transfer strength.
The present study promotes the similarity between heat and fluid flows. The new defined concepts as convection heatfunction and heat flow vorticity are two important issues on which further studies should be performed. The separation of the diffusion and the convection heatfunctions should be applied to other natural and forced convection problems to find out the advantages of heat flow separation better.
